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Phloretin affects the fast potassium channels in frog nerve fibres

J. Klusemann and H. Meves

I. Physiologisches Institut der Universitit des Saarlandes, W-6650 Homburg-Saar, Federal Republic of Germany

Received April 15, 1991/Accepted in revised form June 14, 1991

Abstract. The effect of phloretin (20—100 pM), a dipolar
organic compound, on the voltage clamp currents of the
frog node of Ranvier has been investigated. The Na cur-
rents are simply reduced in size but not otherwise affect-
ed. Phloretin has no effect on the slow 4-aminopyridine-
resistant K channels. However, the voltage dependence
and time course of the fast K conductance (g ) is marked-
ly altered. The gy (E) curve, determined by measuring fast
tail currents at different pulse potentials, normally ex-
hibits a bend at —50 mV, indicating the existence of two
tpyes of fast K channels. Phloretin shifts the g, (E) curve
to more positive potentials, reduces its slope and its max-
imum and abolishes the distinction between the two tpyes
of fast K channels. The effect becomes more pronounced
with time. Phloretin also markedly slows the opening of
the fast K channels, but has much less effect on the clos-
ing. Opening can be accelerated again by a long depolar-
izing prepulse which presumably removes part of the
phloretin block. It is concluded that phloretin selectively
affects the fast K channels of the nodal membrane. The
results are compared with similar observations on the
squid giant axon.
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Introduction

Phloretin, the aglycone of phlorhizin, is a polar substance
with a dipole moment of 5.6 D. Long known for its inhib-
itory effect on glucose resorption (“phlorhizin diabetes”),
phloretin also markedly affects ion channels in artificial
lipid bilayers (Andersen et al., 1976) and squid giant axons
(Strichartz et al. 1980; Spires and Begenisich 1989). In
lipid bilayers treated with ion carrier or lipophilic ions
phloretin dramatically increases cation conductances and
decreases anion conductances. In squid giant axons,
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phioretin (1050 wM) has several effects on K channels: it
reduces the K channel conductance gy, shifts the voltage
dependence of g by +30 to 40 mV, decreases its slope
and slows the opening of the K channels. Na channels are
less sensitive: phloretin (60 nM) shifts the voltage depen-
dence of gy, by less than + 10 mV. Phloretin can be used
to identify a component of gating current that is associat-
ed with K channels.

The present paper describes the effect of phloretin on
the K currents of the frog node of Ranvier. In this prepa-
ration, three classes of K channels can be distinguished:
fast 1, fast 2 and slow (Dubois 1981). We show that
phloretin markedly affects the components fast 1 and fast
2, but not the slow.

Some of the results have been published in abstract
form (Klusemann and Meves 1991).

Methods

The experiments were done on single motor or sensory
nerve fibres from the tibial or peroneal nerve of the frog
Rana esculenta. A node of Ranvier was voltage clamped
at 12-15°C by the method of Nonner (1969). The fibre
was cut on both sides of the node, at a distance of about
0.75 mm on one side and at about twice that distance on
the other side. The ends of the fibre were bathed in
117 mM KCIl. The potential at which the Na current was
70% of the maximum Na current (measured with a pre-
pulse of —40 mV and 50 ms duration) was taken as the
normal resting potential (E= —70 mV). The holding po-
tential was —70 or —100 mV. Membrane currents were
filtered at 10 kHz and sampled on-line at 10 ps intervals
by a 12 bit A/D converter (Hof 1986). To obtain absolute
values of membrane current, the recording resistance was
assumed to be 10 M Q. To correct for capacitative and
leakage current (I, and I,) the current associated with a
—30mYV pulse was measured (usually by averaging three
sweeps), appropriately scaled and subtracted. Unless oth-
erwise stated, the figures show records corrected for I,
and I, .
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Fig. 1A-C. Effect of 100 pM phloretin on I, and I in Ringer’s
solution. A, control; B, after 5 min in Ringer’s solution with 100 pM
phloretin; C, after 5 min wash. Pulse potential —60 to +80mV in
10 mV steps. Sensory fibre. Holding potential —70 mV. Tempera-
ture 12°C

The node was superfused with Ringer’s solution
(110 mM NaCl, 2.5 mM KCI, 1.8 mM CaCl,) or isotonic
K.l solution (117 mM KCl, 1.8 mM CaCl,). Both solu-
tions contained 4 mM morpholinopropane sulfonic acid
(MOPS); their pH was adjusted to 7.2 with 1 N NaOH or
KOH, respectively. The isotonic KClI solution also con-
tained 300 nM tetrodotoxin to block the Na channels.
Phloretin was dissolved in dimethylsulfoxide (DMSO).
The DMSO concentration in the final solution was in
most experiments 0.05-0.1% and never exceeded 0.2%.

Results
Experiments in Ringer’s solution

Figure 1 shows the typical effect of phloretin on the Na
“and K currents of the node of Ranvier: a drastic, but
partly reversible reduction of Iy, and Iy and a marked
slowing in the turning-on of I,. The current-voltage
curves for I, at peak and I at 50 ms are plotted in
Fig. 2A. It can be seen that the Na and K currents in
phloretin (m) are only 20—30% of the control currents (e).
The reversal potential of the Na current changes little.
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Fig. 2 A and B. Current-voltage curves and permeability-voltage
curves from the experiment of Fig. 1. A peak I, and Iy at 50 ms
plotted against pulse potential for control (e), 100 pM phloretin (m)
and wash (0). B peak Na permeability Py, (on a logarithmic scale)
plotted against pulse potential; Py, calculated from I, according to
(2) of Dodge and Frankenhaeuser (1959), assuming for the reversal
potential of the Na current E_,,=65 mV in control and wash and
E.,=625mV in 100 pM phloretin

Converting peak Na current [, into peak Na permeabil-
ity P, yields the Py, (E) curves in Fig. 2 B. The maximum
Py, values reached at E>50mV are 2.1 - 1077 cm?/s in
control (e) and 0.7 - 10™? cm?/s in phloretin (m), again a
decrease to 33%. In addition, the Py, (E) curve in phloret-
in is slightly shifted to the right compared with control. A
fifth of the maximum Py, is reached at —37 mV in control
(@) and at —31 mV in phloretin (m). At least half of the
+6 mV shift can be accounted for by the 220 kQ resis-
tance in series with the nodal membrane (Drouin and
Neumcke 1974). There was also a 15 mV shift of the curve
relating time to peak to pulse potential, part of it is also
a series resistance artifact.
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Fig. 3A—C. Effect of 40 uM phloretin and 12 mM TEA on I in
isotonic KCl solution. A currents during 50 ms pulses from holding
potential (— 100 mV) to 60, 80 and 100 mV in control (larger cur-
rents) and after 10 min in 40 uM phloretin (smaller currents). B
currents during 1 s pulses to 60, 80 and 100 mV after 40 min in
40 pM phloretin. C Currents during and after 100 ms pulses from
holding potential (—100mV) to 100mV in control (record 1),
40 uM phloretin (record 2) and 40 uM phloretin +12 mM TEA
(record 3). Two different sensory fibres in A, B and in C. Tempera-
ture 12°C
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Fig. 4 A and B. Fast component of tail current versus pulse poten-
tial. ®, control in isotonic KCl solution. &, isotonic KCl with 40 pM
phloretin, A motor fibre; measurements begin after 5 min applica-
tion of 40 pM phloretin. B sensory fibre, same fibre as in Fig. 3C;
measurements at different times in 40 pM phloretin. Temperature
12°Cin A and B. Points e in A and B and points m in A were fitted
by the equation

Ipag=max I, /(1+exp(Eqq; — E)k,y)) (1)
+max I/(1 +exp((E gz~ E)/k,))
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Experiments in isotonic KC| solution

In order to minimize effects of perinodal K accumulation,
all further experiments (Fig. 3—9) were done in isotonic
KCl solution. Figure 3 shows an experiment with 50 ms
(A) and 1 s(B) pulses. Phloretin (40 pM) markedly re-
duces I and slows its turning-on. The K outward cur-
rents in control (larger currents in A) decay slowly during
the 50 ms pulses. By contrast, the currents in 40 puM
phloretin (smaller currents in A) rise slowly. The currents
continue to rise during the entire duration of the 1s pulses
(B).

The slowly rising outward current in 40 pM phloretin
is blocked by 12 mM TEA (Fig. 3C), indicating that it is
a current through the K channels and not a leakage cur-
rent. Figure 3C also illustrates the tail currents which
occur at the pulse end upon repolarization to the holding
potential. Normally, the tail current consists of a fast and
a slow component (record 1). Phloretin reduces the fast but
not the slow component (record 2) whereas 12 mM TEA
block both components almost completely (record 3).

Quantitative information about the effect of phloretin
on the fast component of the tail current is given in Fig. 4.
The tail currents (recorded at the holding potential) were
fitted with the sum of two exponentials and the t=0 val-
ues of the fast component were plotted against pulse po-
tential. The resulting curves (e in Fig. 4 A and B) indicate
two components (Dubois 1981). The relatively large size
of the first component in Fig. 4 A is typical for a motor
fibre. The large second component in Fig. 4B is charac-
teristic for a sensory fibre. A short application of 40 pM
phloretin shifts the curve to more positive potentials, re-
duces its slope and its maximum and abolishes the dis-
tinction between the two components (Fig. 4 A). The ef-
fect becomes more and more pronounced, the longer
phloretin is applied (Fig. 4B). Neither the slow compo- |
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Fig. SA-F. Fast and slow component of tail current versus pulse
potential for different phloretin concentrations. A—D fast compo-
nent. A control () and 20 uM phloretin (m); B control (e), 40 pM
phloretin (w) and wash (0); C and D same for 60 and 80 pM
phloretin. E-F slow component. E control (e) and 20 pM phloretin
(m); F control (e) and 40 uM phloretin (z). Motor fibre. Holding
potential —100 mV. Temperature 12°C. The control points in
A were fitted with (1) (see Fig.4 legend) with the parameters
max ], =—191nA,maxI,=~180nA E_,;; = —605mV, E_,, =
~14.7mV, k;=48mV, k,=85mV

nent nor the time constants of the fast and slow compo-
nents are altered.

The potential E, ; at which the fast tail current com-
ponent equals a third of the control maximum served as
a quantitative estimate of the curve shift and its continual
increase with time. In Fig. 4B, E, 5 jumped from —37 to
+14 mV in the first 2.5 min of phloretin application and
then grew further at a rate of 6.4 mV/min. In a similar
experiment on a motor fibre, also with 40 pM phloretin,
E,;; was —64mV in control, +16 mV after 2.5 min in
phloretin and subsequently rose at a rate of 7.5 mV/min.

The phloretin effect increases with increasing phloretin
concentration. This is demonstrated in Fig. 5. Four differ-
ent phloretin concentrations (20, 40, 60, 80 pM) were ap-
plied. After 5 min application measurements were started.
They took 4 min and were followed by a wash with
phloretin-free isotonic K Cl solution. After 5—6 min wash
a new series of measurements began, which again lasted
4 min and was followed by the next higher phloretin con-
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Fig. 6. Supernormal K outward current in 20 pM (A) and 40 pM (B)
phloretin. Top: Currents during 50 ms pulses from holding potential
(—100 mV) to 80 mV in control (a), phloretin (b) and wash (c).
Bottom: Currents during 50 ms pulses from holding potential
(—100 mV) to —130 mV;, records in control and phloretin superim-
posed. Same experiment as Fig. 5

centration. A—D show fast tail current versus pulse po-
tential in phloretin (m) together with the preceding control
or wash (e) and the following wash (o) (The latter was
omitted in A for clarity). It is clear that the phloretin effect
is only partially removed by the washes. The distinction
between the two fast components (see fit of points @ in A)
vanishes during the first phloretin treatment and does not
come back later. The absolute value of the maximum tail
current amplitude reached at positive potentials decreas-
gs from 37.1 nA in A (symbols @) to about 20 nA in D
(symbols o), presumably reflecting an increase of mem-
brane-bound phloretin. With increasing phloretin con-
centration the curves in phloretin (m) become flatter and
flatter and are more and more shifted to the right.

In the experiment of Fig. 5 we saw a phenomenon
which was observed in only 6 out of our 60 experiments:
a supernormal K outward current at the end of strong
depolarizing pulses in 20 pM phloretin (Fig. 6 A). It dis-
appeared upon washing and was not due to an increase of
the (linear) leakage (Fig. 6 C). There was also an increase
of the slow component of the tail current (Fig. 6 A) which
began at pulse potentials >40 mV (Fig. 5E). An indica-
tion of the phenomenon was also seen in 40 uM phloretin
(Fig. 6B, Fig. 5F). In some experiments the fast compo-
nent of the tail current became larger than in the control.
A possible explanation of the phenomenon will be men-
tioned below.

Experiments on DTX- and 4-A P-treated fibres
On frog and X enopus fibres, dendrotoxin (DTX) selective-

ly blocks the first component of the fast tail current
(Benoit and Dubois 1986; Bréu et al. 1990). We tested the
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Fig. 7 A and B. Effect of 40 pM phloretin on fibres treated with
1 M dendrotoxin (DTX) to block the first component of the fast tail
current. A records from a sensory fibre showing currents associated
with a 100 ms pulse from holding potential (—100 mV) to 100 mV
in isotonic KCl, isotonic KCI with 1 uM DTX, isotonic KCI with
1 uM DTX and 40 uM phloretin and again isotonic KCI. B fast
component of tail current versus pulse potential for a motor fibre in
isotonic KCI (e), same with 1 uM DTX (o) and with 1 pM DTX and
40 uM phloretin (m). The control points were fitted with (1) (see
Fig. 4 legend) with the parameters max I,=—17.6nA, max
I,=—85nA, E_;;=—592mV, E_,;,=-—193mV, k,=51mV,
k,=13.0 mV. Temperature 12°C
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effect of 40 uM phloretin on fibres treated with 1 pM
DTX in order to demonstrate that phloretin affects the
second component. Figure 7 shows an experiment on a
sensory fibre (A) and an experiment on a motor fibre (B).
The second component, which remains largely unaffected
by DTX, is relatively large in A and small in B. The
remaining second component in A shows the typical
phloretin effect: a reversible reduction in size and a slow-
ing of kinetics. In B, the tail current remaining in DTX (o)
is only slightly smaller than fast 2 in control (lower curve).
Phloretin clearly shifts the points in the positive direction
{m).

We also did the reverse experiment and tested 1 pM
DTX on fibres treated with 40 uM phloretin. The out-
ward currents which were decreased and slowed by
phloretin were further decreased by 1 pM DTX; in two
experiments I (measured at the end of 100 ms pulses to
100 mV) decreased to 26 and 50% of its size in 40 pM
phloretin without DTX.

Treatment with 1 mM 4-aminopyridine (4-AP) abol-
ishes the fast tail current but has no effect (Dubois 1981)
or less effect (Pappone and Cahalan 1984; Plant 1986) on
the slow component. Phloretin did not decrease the slow
tail current remaining in 1 mM 4-AP; in 5 out of 6 exper-
iments cven a slight increase of the slow component in
phloretin was observed. The outward current recorded
during a depolarizing pulse was markedly decreased by
1 mM 4-AP (as in Fig. 6 of Ulbricht and Wagner 1976).
The remaining 4-AP-resistant outward current showed
considerable run-down (Plant, 1986), but did not appear
to be significantly affected by phloretin.

Experiments with prepulses

In a first series of experiments we used double pulses as
shown in the inset of Fig. 8. The first and second pulse
were of equal size and duration and separated by a 0.5 ms
pause. Figure 8 shows the currents produced by the sec-
ond pulse before (a, b) and during (c, d) application of
40 uM phloretin. In the untreated fibre, the current with
prepulse (b) is smaller than the current without prepulse

45.5 ms

[ms)

Fig. 8. Effect of a long depolarizing pre-
pulse on the current elicited by a test
pulse in control {traces a and b) and in
40 nM phloretin (traces ¢ and d). Inset
shows pulse programme. Traces a and d
were recorded without prepulse, traces b
and ¢ with prepulse. The time constants
for the turning-on of the outward current
are given. Sensory fibre. Temperature
15°C
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Fig. 9A-C. Effect of a hyperpolarizing prepulse on the turning-on
of Iy. A currents in isotonic KCI (larger currents) and in isotonic
KCl with 20 pM phloretin (smaller currents) with and without a
hyperpolarizing prepulse. Capacitative and leakage current sub-
tracted. In phloretin (but not in control) the current amplitude is
slightly increased by the prepulse. B and C same records as in A, but
on expanded time scale and without subtraction of capacitative and
leakage current. Both in B (control) and in C (phloretin) the prepulse
delays the turning-on of I. Sensory fibre. Temperature 15°C

(a), probably because of inactivation. During phloretin
application the opposite is true: the current with prepulse
(c)is larger and rises much faster than the current without
prepulse (d). The currents were fitted with one or two
exponentials and the time constants (¢ or 7, 7,) are given
in Fig. 8. In ¢ (phloretin with prepulse) 7, is 25 times
smaller than in d (phloretin without prepulse) and similar
to 7 in b (control with prepulse). In a second identical
experiment on a motor fibre the prepulse reduced 7, in
phloretin 12 fold to a value similar to t, in control with
prepulse. The observations are reminiscent of similar
findings on 4-AP-treated nodes of Ranvier (Ulbricht and
Wagner 1976) and suggest removal of phloretin block
during depolarization.

In a second series of experiments we studied the effect
of a 40 ms hyperpolarizing prepulse on the kinetics of the
K outward current. As shown by Palti et al. (1976) and
Begenisich (1979), the frog node of Ranvier exhibits the
Cole-Moore effect, i.e. the turning-on of I is delayed by

a preceding hyperpolarization. Figure 9 demonstrates
that the Cole-Moore effect is not abolished by phloretin
treatment. The delay in turning-on is, however, superim-
posed by another effect, a slight increase in the current
amplitude (which is not seen in untreated fibres).

Discussion

The experiments show that the fast (but not the 4-AP-re-
sistant slow) K channels of the node of Ranvier are affect-
ed by phloretin in the same way as the K channels of the
squid giant axon (Strichartz et al. 1980; Spires and Be-
genisich 1989). Blockage of part of the K channels, slow-
ing of the turning-on of the remaining K current, flatten-
ing and positive shift of the conductance vs. voltage curve.
In squid axons the shift of the conductance curve by 10—
50 pM phloretin applied externally is on average 26.7 mV
(Table 2 of Strichartz et al., 1980). In our experiments the
shift tended to be even larger (e.g. more than 50 mV in
Fig. 4 A). There is one important difference between the
experiments on squid axons and our experiments: In the
former, according to Strichartz et al. (1980), “steady-state
effects were reached after 5 min of exposure to phloretin”;
in our experiments, the phloretin effect became continual-
ly stronger during the first 20 min without showing any
clear sign of reaching a steady state. Phloretin is very lipid
soluble, having ether-water and octanol-water partition
coefficients in excess of 100 (Jennings and Solomon 1976).
We think that equilibration with the various lipid struc-
tures is a slow process, responsible for the slow develop-
ment of the phloretin effect. For the same reason the Na
current of the squid axon upon exposure to inhalation
anaesthetics continues to decline over a period of 10—
20 min (Haydon and Urban 1983). It seems surprising
that in the phloretin experiments on squid axons 5 min
were sufficient to reach a steady state.

In the frog node, phloretin abolishes the distinction
between the two types of fast K channels (see Figs. 4A
and 5A). This could indicate that phloretin has a larger
effect on fast 1 than on fast 2. Similarly, increasing the pH
shifts the voltage dependence of fast 1 much more strong-
ly than that of fast 2 (Cahalan and Papone 1983). The
alternative explanation that phloretin converts fast 1 into
fast 2 channels seems less likely because DTX, a selective
blocker of fast 1, is effective on nodes pretreated with
phloretin.

A simple model which can reproduce most observa-
tion on K channel function has been described by Spires
and Begenisich (1989). They consider the K channel to be
composed of two independent, but not identical, subunits
which can exist in two states, labeled 1 and 2 for one
subunit and A and B for the other. A channel can conduct
only if the subunits are in the 2 and B states, i.e. the
fraction of open channels is given by f,,.,= P, - P, where
P, and P, are the probabilities of the subunits being in
states 2 and B, respectively. With suitably chosen values
for the charges g,, and g, moved in the 1 =2 and
A = B transitions and for the midpoint potentials V;,
and V,, of the two charge distributions (see legend of
Fig. 10) we obtain a voltage dependence of f, ., which
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resembles the conductance vs voltage curve of the nodal
K channels (Fig. 10 A). Figure 6 of Spires and Begenisich
(1989) shows that the effect of phloretin on the K channel
gating current of the squid axon consists of a marked
reduction of ¢,, and g, and a positive shift of V;, and
V,g- Accordingly, reducing the charges g,, and g,5 to a
third of the control value and shifting the potentials V,,
and V,, by 30 mV yields a curve similar to the conduc-
tance curves of phloretin-treated nodes (Fig. 10A). Asem-
phasized by Spires and Begenisich (1989), their model
reproduces the Cole-Moore effect (Fig. 10B). This type of
behavior is also seen in phloretin-treated nodes, both in
the experiment (Fig. 9C) and in the model (Fig. 10C). In
the model, the slow turning-on of I in phloretin has been
achieved by doubling the time constants 7,, and 7,5 (see
legend of Fig. 10). We think, however, that the main rea-
son for the slow kinetics of I in phloretin-treated nodes
is not a slowing of the transitions 1 - 2 and A — B.
Rather, our double pulse experiment (Fig. 8) suggests that
the main reason for the slow turning-on of I is the depo-
larization-induced weakening of the phloretin block.
Concerning the question which molecular mecha-
nisms underly the phloretin effect we can add little to the
suggestions made by previous authors. As pointed out by
Andersen et al. (1976) and Strichartz et al. (1980), field
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Fig. 10. Predictions of the Spires and Begenisich (1989) model for
an untrecated and a phloretin-treated Ranvier node. A, fraction of
open channels, f, .., versus potential in steady-state for control
node and for phloretin-treated node. B, time course of f, ., for a
pulse from —100 mV (left curve) or —170 mV (right curve) in con-
trol node. C, same for phloretin-treated node. The model assumes
two independent subunits which can exist in two conformations:
1 =2 for one subunit, A = B for the other. The fraction of open
channels is f_..=P, - P,. The steady-state values and the time de-
pendence of the probabilities P, and Py were calculated from (6) and
(2) of Spires and Begenisich (1989) with the parameters
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strengths as high as 107-10® V/cm exist at a distance of
5 A from a phloretin dipole in low dielectric media, cer-
tainly large enough to modify channel gating profoundly.
Alternatively, it may be a purely mechanical effect, result-
ing from the squeezing of phloretin molecules between the
phospholipid molecules of the nerve membrane. The de-
polarization-induced weakening of the phloretin block
may be due to potential dependent changes in membrane
structure; such changes have been revealed by optical stud-
ies (for review, see Keynes 1972). We can offer no explana-
tion for the fact that only the K channels, and only the fast
K channels, show the characteristic phloretin effect.

In continuation of the present study we are recording
single channel currents from frog nerve fibres with the
method of Jonas et al. (1989). We find that the I channels
are blocked by 40 uM phloretin whereas the Ca-activated
maxi channels (see Jonas et al. 1991) arec activated by
5-100 uM phloretin (Koh and Klusemann, unpublished).
The latter effect may be responsible for the “supernormal”
K outward currents seen in some of our experiments
(Fig. 6).
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